1. Introduction
===============

Phenolics are carbon-based secondary metabolites, primarily produced through the pentose phosphate pathway (PPP), phenylpropanoid and shikimate acid pathways. The oxidative PPP provides precursor erythrose-4-phosphate for the shikimate pathway. This pathway converts these sugar phosphates to aromatic amino acids such as phenylalanine, which becomes the precursor for the phenylpropanoid pathway that synthesizes polyphenols. In plant cells, simple polyphenolics are believed to be scavengers of free radicals, protecting the cells from free radical damage. Phenolics are also involved in the strengthening of plant cell walls during growth by polymerization into lignans and lignins \[[@b1-ijms-13-05290],[@b2-ijms-13-05290]\]. Plant phenolics have potential health benefits, mainly due to their antioxidant properties, such as reactive oxygen species scavenging and inhibition, electrophilic scavenging, and metal chelation \[[@b3-ijms-13-05290]\]. Epidemiological studies support a relationship between the consumption of phenolic-rich food products and a low incidence of coronary heart disease, atherosclerosis, certain forms of cancer and stroke \[[@b4-ijms-13-05290]--[@b7-ijms-13-05290]\]. Plant phenolics have also been reported to exhibit pharmacological properties such as antitumor, antiviral, antimicrobial, anti-inflammatory, hypotensive and antioxidant activity \[[@b8-ijms-13-05290],[@b9-ijms-13-05290]\].

The concentration of polyphenols has been found to be influenced by environmental conditions, which can change the concentration of these active constituents \[[@b10-ijms-13-05290]\]. Irradiance (photosynthetic photon flux density, PPFD; 400--700 nm) is known to regulate not only plant growth and development, but also the biosynthesis of both primary and secondary metabolites \[[@b11-ijms-13-05290],[@b12-ijms-13-05290]\]. The carbon nutrient balance (CNB) hypothesis predicts that the pattern of allocation to carbon-based secondary metabolites (CBSM) depends on the relative availability of carbon and nutrients, as well as on their relationship with plant growth rate. In accord with the predictions, the stimulation of secondary metabolite production has been demonstrated under high light \[[@b13-ijms-13-05290]\] or low light; \[[@b14-ijms-13-05290]\] and by other biotic and abiotic stresses, e.g., pathogen attack, mechanical wounding, ultraviolet (UV) radiation, low temperatures and nutrient deficit \[[@b15-ijms-13-05290]--[@b17-ijms-13-05290]\]. Phenylalanine ammonia-lyase enzyme (PAL) catalyzes the conversion of phenylalanine into trans-cinnamic acid, thereby causing the flux of primary metabolites into secondary metabolites in the phenolics pathway. PAL activity and other phenylpropanoid enzymes are mainly regulated via *de novo* synthesis. Hemm *et al.* \[[@b13-ijms-13-05290]\] showed that PAL genes were highly expressed in the low light-grown Arabidopsis roots, and Fritz *et al.* \[[@b18-ijms-13-05290]\] reported that PAL gene expression could be induced by nitrate deficiency in *Nicotiana tabacum* plants. In fact, low light intensities were regarded as environmental stimuli for the production of secondary metabolites in some plant species \[[@b19-ijms-13-05290]--[@b21-ijms-13-05290]\]. Previous studies report an increase in the concentration of specific secondary metabolites in some medicinal species, such as methylxanthines in *Ilex paraguariensis* \[[@b19-ijms-13-05290]\], alkaloid concentration in *Delphinium barbeyi* \[[@b20-ijms-13-05290]\], and aloin (barbaloin) in *Aloe mutabilis* \[[@b22-ijms-13-05290],[@b23-ijms-13-05290]\], under low light conditions. There were also numerous reports on an increase of secondary metabolites under high light condition and has been reported in tea \[[@b24-ijms-13-05290]\], red kidney bean \[[@b25-ijms-13-05290]\] and St. John's wort \[[@b26-ijms-13-05290]\]. These showed the importance of light in secondary metabolite regulation in medicinal plants.

In general, plants living in an exposed full sun habitat exhibit different photosynthetic properties and leaf characteristics than those living in the shade. Tropical pioneer species show higher responsiveness to high irradiance than late-successional species \[[@b27-ijms-13-05290]\]. However, under high irradiance, plants are predisposed to suffer photoinhibition, which is defined as the slow, reversible decline in photosynthetic efficiency that occurs when the absorbed light is in excess of that required for carbon assimilation \[[@b28-ijms-13-05290],[@b29-ijms-13-05290]\]. This phenomenon is very frequent in tropical plants \[[@b30-ijms-13-05290]\], where the light intensity can reach levels beyond 1800 μmol/m^2^/s photosynthetic photon flux density (PPFD) \[[@b31-ijms-13-05290]\]. The ability to cope with photoinhibition varies between different plant species \[[@b32-ijms-13-05290],[@b33-ijms-13-05290]\]. Photoinhibition occurs because shade leaves have high concentrations of chlorophyll, thus a higher light-capturing capacity, due to the larger antenna size of the photosystem II (PSII), and lower rates of light-saturated photosynthesis due to lower amounts of photosynthetic enzymes, such as Rubisco. A previous study by Close *et al.* \[[@b34-ijms-13-05290]\] has shown that photoinhibition can enhanced the production of polyphenolics in *Eucalytus* plants. The result implies that production of plant secondary metabolites can be enhanced by the manipulation of irradiance.

*Labisia pumila* Benth., locally known as Kacip Fatimah, Selusoh Fatimah or Akar Kacip Fatimah, is a sub-herbaceous plant with creeping stems from the family Myrsinaceae that is found widespread in Indochina and throughout Malaysian forests \[[@b35-ijms-13-05290]\]. Stone \[[@b36-ijms-13-05290]\] has categorized three varieties of this herb in Malaysia, namely *Labisia pumila* var. *alata*, *Labisia pumila* var. *pumila* and *Labisia pumila* var. *lanceolata*. Each of these varieties has different uses. These uses include treatments for dysentery, dysmenorrhea, flatulence and gonorrhea \[[@b37-ijms-13-05290]\]. Previous studies have indicated that the bioactive compounds of *Labisia pumila* consist of resorcinols, flavonoids and phenolic acids \[[@b38-ijms-13-05290]--[@b42-ijms-13-05290]\]. These compounds are phenolics, and possess a wide range of structures that contribute to the organoleptic and nutritional qualities of fruits and vegetables and can be enriched by micro-climatic manipulation \[[@b43-ijms-13-05290]--[@b45-ijms-13-05290]\]. There have been numerous reports on the chemical profiling and antioxidative effects of the plant \[[@b43-ijms-13-05290],[@b44-ijms-13-05290]\], however, there were less studies undertaken on microenvironmental manipulation, especially the effects of irradiance on the secondary metabolites and antioxidant activity of *Labisia pumila*. A previous study by Jaafar *et al.* \[[@b35-ijms-13-05290]\] has shown that the manipulation of irradiance (photosynthetic photon flux density) was able to enhance the production of secondary metabolites in this plant; however, there are no results on photosynthetic performance, photosystem II acclimation and antioxidant activity of the plant under different irradiances levels. So, the objective of the study was to examine the effects of different irradiance levels on maximal quantum efficiency of photosystem II (Fv/Fm), electron transfer rate (Fm/Fo), photosynthetic rates, PAL activity, secondary metabolite and antioxidant activities in *Labisia pumila*. Relationships among the parameters were also determined.

2. Results and Discussion
=========================

2.1. Total Flavonoids and Phenolics Profiling
---------------------------------------------

Irradiance levels had a significant (*P* ≤ 0.05) impact on the production of total flavonoids and phenolics ([Table 1](#t1-ijms-13-05290){ref-type="table"}). As irradiance levels decreased from 900 to 225 μmol/m^2^/s, *Labisia pumila* produced more total flavonoids and phenolics. It was found that the accumulation pattern of secondary metabolites was more pronounced in leaves followed by the stems and the roots. As light levels were decreased from 900 to 675 to 500 μmol/m^2^/s, total flavonoids in leaves of *Labisia pumila* were enhanced by 58, 44 and 29% respectively, compared to 225 μmol/m^2^/s. A similar trend was observed for total phenolics in leaves where at 900 μmol/m^2^/s total phenolics registered the lowest production (2.395 mg gallic acid/g dry weight) compared to 225 μmol/m^2^/s that recorded 5.511 mg gallic acid/g dry weight. The present result was in agreement with the resource allocation hypothesis proposed by Coley *et al.* \[[@b46-ijms-13-05290]\] that hypothesized the production of flavonoids and phenolics would be up-regulated under low light conditions. From correlation [Table 2](#t2-ijms-13-05290){ref-type="table"} it was observed that total flavonoids and phenolics have a significant positive correlation with PAL activity (*R*^2^ = 0.818; *P* ≤ 0.05; total flavonoids; *R*^2^ = 0.718; *P* ≤ 0.05; total phenolics), that indicates that up-regulation of production of carbon-based secondary metabolites in the study might be due to an increase in PAL activity under low light conditions \[[@b47-ijms-13-05290]\]. According to Baas \[[@b48-ijms-13-05290]\], the increase in PAL activity might stimulate the production of total flavonoids and phenolics, especially under low light conditions for certain plants. This was supported by a discovery by Wu *et al.* \[[@b49-ijms-13-05290]\], who that found the increase in carbon-based secondary metabolite production for *Photinia fraseri* under low irradiance was due to increase activity of PAL that justifies increased production of these compounds under low light conditions. A similar observation of increased total plant flavonoids and phenolics under low irradiance was also reported by Wand \[[@b50-ijms-13-05290]\] and Liakura *et al.* \[[@b51-ijms-13-05290]\] in their work. It was suggested that increasing phenolic and flavonoid components in shaded plants are related to lower temperatures under low light conditions. High temperature usually increases anthocyanin degradation in grape skin, together with a decrease in the expression of flavonoids biosynthesis \[[@b52-ijms-13-05290]\]. Chan *et al.* \[[@b53-ijms-13-05290]\] reported much greater concentrations of flavones and flavonols in leaves of vegetables that are exposed to shade. This finding is in agreement with Bergquist's findings \[[@b54-ijms-13-05290]\], which showed that the use of low irradiance is important for the production of baby spinach that are high in flavonoid concentration and composition. According to Coley *et al.* \[[@b46-ijms-13-05290]\], under low light intensity levels, the potential for energy (carbon) acquisition is low, so there will be more available carbon that can be used for the production of plant secondary metabolites. This might explain why total phenolics and flavonoids increased in *L. pumila*.

2.2. Anthocyanin Content
------------------------

Anthocyanin content was found to be influenced by irradiance levels (*P* ≤ 0.01). The accumulation of anthocyanin was found to be the highest under leaves followed by the stem and the lowest in roots. Antocyanin content in leaves of 225, 500 and 665 μmol/m^2^/s was 0.74, 0.57 and 0.39 mg/petunidin g fresh weight, respectively compared to only 0.19 mg/petunidin g fresh weight in 900 μmol/m^2^/s treatments. In the root, anthocyanin content in 900 μmol/m^2^/s treatment plant was 370% lower than the average antocyanin content in the three irradiance levels values ([Table 1](#t1-ijms-13-05290){ref-type="table"}). The same observation was documented also by Hughes and Smith \[[@b55-ijms-13-05290]\], who found increased anthocyanin content when *Galax urceolata* seedlings were exposed to low light levels. Generally, induction of anthocyanin synthesis varies in relation to light exposure levels \[[@b56-ijms-13-05290],[@b57-ijms-13-05290]\]. Endogenous signals, developmental stage, environmental factors and previous light exposure modify the effect of light on anthocyanin synthesis \[[@b58-ijms-13-05290]\]. The accumulation of antocyanin in the present study under low light might be *Labisia pumila* acclimation under low light to reduce the photoinhibition effect. According to Pirie and Mullins \[[@b59-ijms-13-05290]\], accumulation of antocyanin was one of the plant mechanisms to reduce photoinhibition under low irradiance levels. Anthocyanins are the naturally occurring phenolic compounds responsible for the color of many flowers, fruits, and berries \[[@b60-ijms-13-05290]\]. It is the most important group of water soluble pigments in plants and has beneficial health effects such as antioxidant and anti-inflammatory agents \[[@b61-ijms-13-05290]\]. Anthocyanins are probably the largest group of phenolic compounds in the human diet, and their strong antioxidant activities suggest their importance in maintaining health. Anthocyanin is also important as an antioxidant, which has roles in promoting good health in reducing the risk of chronic disease and also as an anti-inflammatory agent. It was reported by Tamura and Yamagami \[[@b62-ijms-13-05290]\] that anthocyanins possess some positive therapeutic effects, mainly associated with their antioxidant activities.

2.3. Net Photosynthesis Rate
----------------------------

In a previous report by Ibrahim and Jaafar \[[@b63-ijms-13-05290]\], *L. pumila* seemed to be a shade-adapted plant. In the study, in the light response curve analysis, the *A*~max~ (maximum photosynthesis) of *L. pumila* increased with a simultaneous decrease in the compensation point and light saturation point when plants were exposed to greenhouse growing conditions with low photosynthetic photon flux density (PPFD), suggesting that these plants were a shade loving species \[[@b64-ijms-13-05290]\]. According to Kitao *et al.* \[[@b65-ijms-13-05290]\] and Patakas *et al.* \[[@b66-ijms-13-05290]\], shade-adapted plants have the ability to increase *A*~max~ and other energy dissipating mechanisms when grown under low light conditions, compared to high light conditions. In the previous study by Jaafar *et al.* \[[@b67-ijms-13-05290]\], *Labisia pumila* leaves were found to be typically thinner, have more surface area, and contain more chlorophyll than those of sun leaves. As a result, *L. pumila* are more efficient at harvesting sunlight at low light levels. The photosynthetic measurement was conducted to characterize the photosynthetic acclimation of *Labisia pumila* under different irradiance levels. It was found that irradiance levels significantly affected the photosynthesis rate. As irradiance levels increase in an ascending order 225 \> 500 \> 665 \> 900 μmol/m^2^/s, the photosynthesis rate decreased steadily ([Table 3](#t3-ijms-13-05290){ref-type="table"}). The highest photosynthesis rate was obtained when plants were exposed to 225 μmol/m^2^/s (12.71 μmol/m^2^/s) followed by 500 μmol/m^2^/s (9.12 μmol/m^2^/s), 625 μmol/m^2^/s (3.11 μmol/m^2^/s) and the lowest in 900 μmol/m^2^/s (2.11 μmol/m^2^/s). In the current study, photosynthetic rate was found to have a significant positive relationship with production of the secondary metabolites. The same positive relationship between photosynthesis and the production of secondary metabolites was also observed by Ali and Ashraf \[[@b68-ijms-13-05290]\] and Hura *et al.* \[[@b69-ijms-13-05290]\]. The present result also suggests that the production of secondary metabolites in *Labisia pumila* was up-regulated under low irradiance when photosynthetic performance was enhanced.

2.4. Maximum Efficiency of Photosystem II (Fv/Fm) and Activity of Photosystem II (Fm/Fo)
----------------------------------------------------------------------------------------

The (maximum efficiency of Photosystem II) Fv/Fm and activity of photosystem II (Fm/Fo) was influenced by the irradiance levels (*P* ≤ 0.05). Under high irradiance of 900 μmol/m^2^/s, *Labisia pumila* recorded low Fv/Fm (0.681), followed by irradiance at 675 μmol/m^2^/s (0.711) and 500 μmol/m^2^/s (0.771) and the highest value was documented at 225 μmol/m^2^/s at 0.810 ([Table 3](#t3-ijms-13-05290){ref-type="table"}). A similar trend was also observed with Fm/Fo where 225 μmol/m^2^/s had registered the highest values of 12.71 compared to 9.12 at 500 μmol/m^2^/s, 3.11 at 675 μmol/m^2^/s and 2.11 at 900 μmol/m^2^/s irradiances. These results imply that photoinhibition may have occurred in *Labisia pumila* plants under high light levels \[[@b63-ijms-13-05290]\] when the values of Fm/Fo decreased with increasing irradiances \[[@b70-ijms-13-05290]\]. In the present study, the decrease in Fv/Fm and Fm/Fo could be attributed to partial deactivation of the PS2 reaction centre under high irradiance \[[@b38-ijms-13-05290],[@b71-ijms-13-05290]\]. As shown in the correlation table, the Fv/Fm and Fm/Fo have significant positive correlations with production of total flavonoids, phenolics, and anthocyanin, suggesting that the production of these compounds was less favored under high irradiance and photoinhibition. The increase in production of secondary metabolites under high Fv/Fm and Fm/Fo was also observed by Chen *et al.* \[[@b72-ijms-13-05290]\] and Spulak \[[@b73-ijms-13-05290]\] on liana and beech plants respectively. In the present study, the increase in Fv/Fm and Fm/Fo values under low light conditions was followed by enhanced net photosynthesis under low light, showing that this plant is a shade-loving plant \[[@b74-ijms-13-05290]\].

2.5. Phenyl Alanine Lyase (PAL) Activity
----------------------------------------

The PAL activity was found to be highest ([Table 4](#t4-ijms-13-05290){ref-type="table"}) under 225 μmol/m^2^/s (33.71 nM transcinnamic mg^−1^ protein hour^−1^) and the lowest at 900 μmol/m^2^/s that registered 12.32 nM transcinnamic mg^−1^ protein hour^−1^. An increase in the production of flavonoids, phenolics and anthocyanins in the present work could be due to an increase in PAL activities under low irradiance levels. Correlation analysis ([Table 2](#t2-ijms-13-05290){ref-type="table"}) showed that PAL activity had significant positive relationships with total flavonoids (*R*^2^ = 0.718; *P* ≤ 0.05), phenolics (*R*^2^ = 0.818; *P* ≤ 0.05) and anthocyanins (*R*^2^ = 0.816; *P* ≤ 0.05), which might indicate an up-regulation of plant secondary metabolite production with increased PAL activity. The present result also indicates that under low light levels, the activity of phenylalanine might be increased, which simultaneously enhanced the production of plant secondary metabolites \[[@b33-ijms-13-05290],[@b72-ijms-13-05290]\]. The increase in PAL activity under low light irradiance was also observed by Mohr *et al.* \[[@b75-ijms-13-05290]\] in birch seedlings. These results suggest that up-regulation of production of plant secondary metabolites in *Labisia pumila* under low irradiance could be attributed to the increase in PAL activity. Despite the low light, the imposition of blue and UV-A light also can activate and increase PAL activity in the plant \[[@b76-ijms-13-05290]--[@b78-ijms-13-05290]\].

2.6. 1,1-Diphenyl-2-picryl-hydrazyl (DPPH) Assay
------------------------------------------------

The purple colored DPPH is a stable free radical, which can be reduced to α,α-diphenyl-β-picryhydrazine (yellow colored) when reacted with antioxidant. The latter interrupts the free radical chain oxidation by donating hydrogen from the hydroxyl group to form a stable end product that does not initiate or propagate further oxidation of lipids \[[@b79-ijms-13-05290]\]. Generally, DPPH antioxidant activity in *Labisia pumila* was found to be the highest on the underside of leaves, followed by the stems and the roots in all levels of irradiances. The DPPH antioxidant activity at 225 μmol/m^2^/s was the highest (62.42--52.21%), followed by the 500 μmol/m^2^/s (51.83--47.73%), 625 μmol/m^2^/s (45.43--40.31%) and the lowest in 900 μmol/m^2^/s (39.21--32.65%), However, DPPH radical scavenging abilities of the extracts of the plant were less than for those of butylated hydroxyl toluene (BHT) (67.81%) and α-tocopherol (78.41%) ([Table 5](#t5-ijms-13-05290){ref-type="table"}). This study showed that *Labisia pumila* methanolic extract demonstrated inhibiting activity against DPPH free radicals and hence could be used as a radical scavenging agent, acting possibly as the primary antioxidant. This result implies that low irradiance is able to significantly enhance DPPH radical scavenging activity. From the correlation analysis in [Table 2](#t2-ijms-13-05290){ref-type="table"}, it was shown that total flavonoids, phenolics and anthocyanins had significant positive relationships (*R*^2^ = 0.836; *R*^2^ = 0.826; *R*^2^ = 0.821; *P* ≤ 0.05) respectively with DPPH, implying that high antioxidant power under low irradiation might be contributed by a high content of gallic acid, quercetin and anthocyanin in the plant extract. Previous studies have shown that a combination of polyphenolic compounds plus anthocyanin produced a synergistic effect on DPPH radical scavenging activity \[[@b80-ijms-13-05290]\]. The result from the current study indicated that the high DPPH activity of *Labisia pumila* under low irradiance might be due to high contents of flavonoids, phenolics and anthocyanins in *Labisia pumila* extracts \[[@b81-ijms-13-05290]\].

3. Experimental Section
=======================

3.1. Plant Material and Maintenance
-----------------------------------

The experiment was carried out in glass houses at Field 10, University Agriculture Park, Faculty of Agriculture Glasshouse Complex, Universiti Putra Malaysia (longitude 101°44′N and latitude 2°58′S, 68 m above sea level) with a mean atmospheric pressure of 1.013 kPa. Three-month old *L. pumila* seedlings of about three months old *Labisia pumila* seedlings of var. *alata* were left for a month to acclimatize in a nursery until ready for the treatments. When the seedlings had reached 4 months of age and they were fertilized with NPK Blue Special at 15 g per plant. The seedlings were planted in a soilless medium containing coco-peat, burnt paddy husk and well composted chicken manure in a 5:5:1 (v/v) ratio in 25 cm diameter polyethylene bags. Day and night temperatures in the greenhouse were maintained at 27--30 °C and 18--21 °C, respectively, and relative humidity from 50 to 60%. All the seedlings were irrigated using overhead mist irrigation, given four times a day or when necessary. Each irrigation session lasted for 7 min. *Labisia pumila* Benth is a shade plant and needs shade for maximum production. The plants were grown under four levels of glasshouse shade (0%, 20%, 40% and 60% shade) using black tildanet. The average light intensity passing through in each shading treatment for (0%, 20%, 40% and 60%) was 900, 625, 500 and 225 μmol/m^2^/s respectively. The photosynthetic photon flux density was measured using LICOR-1412 quantum sensors. During the experiment the photosynthetic photon flux density was in the range of 23--1450 μmol/m^2^/s. The experiment was based on a Randomized Complete Block Design (RCBD) with four replicates. Each treatment consisted of 10 plants, totaling 160 plants in the experiment. Plants were harvested at 16 weeks after planting.

3.2. Total Flavonoids and Phenolics Quantification
--------------------------------------------------

Extraction and quantification for total phenolics and flavonoids contents followed the method of Jaafar *et al.* \[[@b82-ijms-13-05290]\]. The plant samples were collected early in the morning (8:00--9:00 a.m.) after 16 weeks of treatment. The plant samples were placed in a polyethylene and kept in a refrigerator (5 °C in darkness) for no longer than 12 hours. On completion, the plants were subsequently separated into shoots and roots. The leaves were separated from the stems and oven dried. The stems were cut into small pieces and oven dried at 37 °C to constant weight. After that, an amount of ground tissue samples (0.1 g) was extracted with 80% ethanol (10 mL) in an orbital shaker for 120 minutes at 50 °C. The mixture was subsequently filtered (Whatman™ No.1), and the filtrate was used for the quantification of total phenolics and total flavonoids. Folin--Ciocalteu reagent (diluted 10-fold) was used to determine the total phenolics content of the leaf samples. Two hundred μL of the sample extract was mixed with Follin--Ciocalteau reagent (1.5 mL) and allowed to stand at 22 °C for 5 minutes before adding NaNO~3~ solution (1.5 mL, 60 g·L^−1^). After two hours at 22 °C, absorbance was measured at 725 nm. The results were expressed as mg·g^−1^ gallic acid equivalent (mg·GAE·g^−1^ dry sample). For total flavonoids determination, a sample (1 mL) was mixed with NaNO~3~ (0.3 mL) in a test tube covered with aluminum foil, and left for 5 minutes. Then 10% AlCl~3~ (0.3 mL) was added, followed by the addition of 1 M NaOH (2 mL). Later, the absorbance was measured at 510 nm using a spectrophotometer with rutin as a standard (results expressed as mg·g^−1^ rutin dry sample).

3.3 Anthocyanin Content
-----------------------

Anthocyanin content was determined according to Bharti and Khurana \[[@b83-ijms-13-05290]\]. Fresh leaves (1 g) were added in 10 mL acidic methanol (1% v/v HCl) and incubated overnight. Anthocyanin was partitioned from chlorophyll with 10 mL chloroform, followed by adding 9 mL of double deionized water. The test tubes containing the samples were shaken gently and the mixture allowed to settle down. The absorbance was read at 505 nm. Petunidin was used as a standard. Anthocyanin content was recorded as mg/g petunidin fresh weight.

3.4. Photosynthesis Rate
------------------------

The measurement was obtained from a closed infra-red gas analyzer LICOR 6400 Portable Photosynthesis System (IRGA, Licor Inc., Lincoln, NE, USA). The measurements used optimal conditions set of 400 μmol·mol^−1^ CO~2~, 30 °C cuvette temperature, 60% relative humidity with air flow rate set at 500 cm^3^·min^−1^, and modified cuvette conditions of 225, 500, 625 and 900 μmol/m^2^/s respectively, photosynthetically photon flux density (PPFD), according to the irradiance treatment. Gas exchange measurements were carried out between 09:00 to 11:00 a.m., using fully expanded young leaves numbered 3 and 4 from plant apex to record net photosynthesis rate (A). The operation was automatic and the data were stored in the LI-6400 console and analyzed by "Photosyn Assistant" software (version 1.0; Dundee Scientific: Dundee, Scotland, UK, 2000). Several precautions were taken to avoid errors during measurements. Leaf surfaces were cleaned and dried using tissue paper before being enclosed in the leaf cuvette \[[@b84-ijms-13-05290]\].

3.5. Chlorophyll Fluorescence
-----------------------------

Measurements of chlorophyll fluorescence were taken from a fully expanded leaf of the second leaves. Leaves were darkened for 15 minutes by attaching light-exclusion clips to the central region of the leaf surface. Chlorophyll fluorescence was measured using a portable chlorophyll fluorescence meter (Handy PEA, Hansatech Instruments Ltd., Norwich, UK). Measurements were undertaken at \>3000 μmol/m^2^/s and recorded up for 5 seconds \[[@b85-ijms-13-05290]\]. The fluorescence responses were induced by emitting diodes. Measurement of Fo (initial fluorescence), Fm (maximum fluorescence) and Fv (variable fluorescence) were obtained from this procedure. Fv is derived as the differences between Fm and Fo. The mean value of three representative plants was used to represent each sub-plot.

3.6. Phenylalanine-Ammonia-Lyase (PAL)
--------------------------------------

Phenylalanine-ammonia-lyase (PAL) activity was measured using the method described by Martinez and Lafuente \[[@b86-ijms-13-05290]\]. The enzyme activity was determined by measuring spectrophotometrically the production of *trans*-cinnamic acid from L-phenylalanine. Enzyme extract (10 μL) was incubated at 40 °C with 12.1 mM L-phenylalanine (90 μL, Sigma) that were prepared in 50 mM Tris-HCl, (pH 8.5). After 15 minutes of reaction, *trans*-cinnamic acid yield was estimated by measuring increase in the absorbance at 290 nm. A standard curve was prepared by using a *trans*-cinnamic acid standard (Sigma) and the PAL activity was expressed as nM *trans*-cinnamic acid μg^−1^ protein hour^−1^.

3.7. DPPH Radical Scavenging Assay
----------------------------------

The DPPH free radical scavenging activity of each sample was determined according to the method described by Joyeux *et al.* \[[@b87-ijms-13-05290]\]. A solution of 0.1 mM DPPH in methanol was prepared. The initial absorbance of the DPPH in methanol was measured at 515 nm. An aliquot (40 μL) of an extract was added to 3 mL of methanolic DPPH solution. The change in absorbance at 515 nm was measured after 30 minutes. The antiradical activity (AA) was determined using the following formula:
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The optical density of the samples, the control and the empty samples were measured in comparison with methanol. One synthetic antioxidant, BHT (butylhydroxytoluene) and α-tocopherol were used as positive controls. The antioxidant capacity, based on the DPPH free radical scavenging ability of the extract, was expressed as μmole Trolox equivalent per gram of dried plant material.

3.8. Statistical Analysis
-------------------------

Data were analyzed using analysis of variance by SAS version 17 (SAS Institute Inc.: Cary, NC, USA, 2006). Mean separation test between treatments was performed using Duncan multiple range test and standard error of differences between means was calculated with the assumption that data were normally distributed and equally replicated.

4. Conclusions
==============

Our results indicate that the manipulation of irradiance levels may be an effective method to increase the expression of secondary metabolite compounds in *Labisia pumila*. Higher total flavonoids, phenolics, and anthocyanin levels were demonstrated in *Labisia pumila* when the irradiance level was at its lowest (225 μmol/m^2^/s). The significant positive correlations of production of total flavonoid, phenolic and anthocyanin contents with Fv/Fm, Fm/Fo and net photosynthesis indicate the occurrence of the up-regulation of production of CBSM under reduced photoinhibition conditions and low irradiance levels. Moreover, at the lowest irradiance level, *Labisia pumila* extracts exhibited significantly higher antioxidant activity (DPPH) than under high irradiance. The high antioxidative effects under low irradiance levels might be due to high availability of total flavonoids, phenolics and anthocyanin in the plant extract. It was also found that the increase in the production of CBSM was attributed to high PAL activity under low irradiance levels, signifying more availability of phenylalanine under these conditions.
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###### 

Accumulation and partitioning of total flavonoids and total phenolics in different plant parts of *Labisia pumila* under different irradiance levels.

  Irradiance (μmol/m^2^/s)   Plant Parts         Total Flavonoids (mg quercetin/g Dry Weight)   Total Phenolics (mg gallic acid/g Dry Weight)   Anthocyanin (mg/g Fresh Weight)
  -------------------------- ------------------- ---------------------------------------------- ----------------------------------------------- ---------------------------------
  225                        Leaf                2.211 ± 0.013 ^a^                              5.511 ± 0.028 ^a^                               0.74 ± 0.01 ^a^
  Stem                       1.991 ± 0.022 ^a^   4.811 ± 0.029 ^a^                              0.67 ± 0.02 ^a^                                 
  Root                       1.571 ± 0.013 ^b^   4.571 ± 0.039 ^b^                              0.63 ± 0.03 ^a^                                 
                                                                                                                                                
  500                        Leaf                1.547 ± 0.022 ^b^                              4.311 ± 0.032 ^b^                               0.57 ± 0.12 ^b^
  Stem                       1.301 ± 0.030 ^b^   3.971 ± 0.037 ^b^                              0.50 ± 0.23 ^b^                                 
  Root                       1.241 ± 0.022 ^b^   3.781 ± 0.051 ^c^                              0.48 ± 0.12 ^b^                                 
                                                                                                                                                
  675                        Leaf                1.214 ± 0.013 ^c^                              3.171 ± 0.021 ^c^                               0.39 ± 0.03 ^c^
  Stem                       1.021 ± 0.010 ^c^   2.991 ± 0.025 ^c^                              0.35 ± 0.03 ^c^                                 
  Root                       0.957 ± 0.015 ^c^   2.771 ± 0.040 ^c^                              0.30 ± 0.02 ^c^                                 
                                                                                                                                                
  900                        Leaf                0.903 ± 0.025 ^c^                              2.395 ± 0.008 ^d^                               0.19 ± 0.04 ^d^
  Stem                       0.803 ± 0.023 ^d^   1.991 ± 0.011 ^d^                              0.15 ± 0.04 ^d^                                 
  Root                       0.713 ± 0.026 ^d^   1.711 ± 0.028 ^e^                              0.10 ± 0.02 ^d^                                 

All analyses are mean ± standard error of mean (SEM). *N* = 40. Means within a column not sharing a common letter were significantly different at *P ≤* 0.05.

###### 

Correlations among the measured parameters in the experiments.

  Parameters              1                                                        2                                                      3                                                      4                                                      5                                                      6                                                      7                                                      8
  ----------------------- -------------------------------------------------------- ------------------------------------------------------ ------------------------------------------------------ ------------------------------------------------------ ------------------------------------------------------ ------------------------------------------------------ ------------------------------------------------------ -------
  **1. Flavonoids**       1.000                                                                                                                                                                                                                                                                                                                                                                                              
  **2. Phenolics**        0.917 [\*\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   1.000                                                                                                                                                                                                                                                                                                                                     
  **3. Antocyanin**       0.825 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}     0.828 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   1.000                                                                                                                                                                                                                                                                              
  **4. Photosynthesis**   0.829 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}     0.826 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   0.817 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   1.000                                                                                                                                                                                                                       
  **5.** Fv/Fm            0.927 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}     0.835 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   0.827 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   0.832 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   1.000                                                                                                                                                                
  **6.** Fm/Fo            0.817 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}     0.827 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   0.816 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   0.828 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   0.866 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   1.000                                                                                                         
  **7. PAL**              0.818 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}     0.718 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   0.926 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   0.828 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   0.932 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   0.816 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   1.000                                                  
  **8. DPPH**             0.826 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}     0.836 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   0.821 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   0.819 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   0.914 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   0.847 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   0.965 [\*](#tfn3-ijms-13-05290){ref-type="table-fn"}   1.000

Note Fv/Fm = Maximum efficiency of photosystem II; PAL = Phenyl alanine lyase activity and DPPH = 1,1-diphenyl-2-picryl-hydrazyl (DPPH) assay.

respectively significant at *P* ≤ 0.05 or *P* ≤ 0.01.

###### 

The effect of irradiance levels on photosynthesis, Fv/Fm and Fm/Fo in *Labisia pumila.*

  Irradiance (μmol/m^2^/s)   Net Photosynthesis, A (μmol/m^2^/s)   Maximum Efficiency of Photosystem II (Fv/Fm )   Fm/Fo
  -------------------------- ------------------------------------- ----------------------------------------------- ------------------
  225                        12.71 ± 0.15 ^a^                      0.810 ± 0.234 ^a^                               12.71 ± 0.01 ^a^
  500                        9.12 ± 0.45 ^b^                       0.771 ± 0.123 ^b^                               9.12 ± 0.43 ^b^
  675                        3.11 ± 0.32 ^c^                       0.711 ± 0.213 ^c^                               3.11 ± 0.54 ^c^
  900                        2.11 ± 0.22 ^d^                       0.681 ± 0.011 ^d^                               2.11 ± 0.44 ^d^

All analyses are mean ± standard error of mean (SEM), *N* = 45. Means within a column not sharing a common single letter were significantly different at *P* ≤ 0.05.

###### 

The effect of irradiance levels on PAL activity in *Labisia pumila.*

  Irradiance (μmol/m^2^/s)   PAL Activity (nM transcinnamic mg^−1^ protein hour^−1^)
  -------------------------- ---------------------------------------------------------
  225                        33.71 ± 3.22 ^a^
  500                        29.82 ± 1.67 ^b^
  675                        21.71 ± 2.21 ^c^
  900                        12.32 ± 2.31 ^d^

All analyses are mean ± standard error of mean (SEM), *N* = 40. Means within a column not sharing a common single letter were significantly different at *P* ≤ 0.05.

###### 

DPPH scavenging activities in different parts of three varieties of *Labisia pumila* under different irradiance levels. BHT and α-tocopherol were used as positive controls.

  Irradiance (μmol/m^2^/s)   Extract Source     Inhibition % [a](#tfn7-ijms-13-05290){ref-type="table-fn"}
  -------------------------- ------------------ ------------------------------------------------------------
  225                        Leaf               62.42 ± 1.65 ^c^
  Stem                       58.14 ± 1.09 ^c^   
  Root                       52.21 ± 1.08 ^c^   
                                                
  500                        Leaf               51.83 ± 1.05 ^d^
  Stem                       49.11 ± 0.98 ^d^   
  Root                       47.73 ± 0.43 ^d^   
                                                
  675                        Leaf               45.43 ± 0.23 ^e^
  Stem                       44.74 ± 0.98 ^e^   
  Root                       40.31 ± 1.21 ^e^   
                                                
  900                        Leaf               39.21 ± 2.22 ^f^
  Stem                       37.16 ± 1.21 ^f^   
  Root                       32.65 ± 3.21 ^f^   
                                                
  **Controls**               BHT                67.81 ± 1.34 ^b^
                                                
                             α-tocopherol       78.41 ± 1.24 [a](#tfn7-ijms-13-05290){ref-type="table-fn"}

All analyses are mean ± standard error of mean (SEM), *N* = 45. Means within a column not sharing a common single letter were significantly different at *P* ≤ 0.05.

Results expressed in percent of free radical inhibition.
